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Abstract: Early regeneration is a critical life stage that affects the future species composition of forests.
Knowledge about regeneration success under different environmental conditions allows better
understanding of forest dynamics. We studied the effects of seedbed conditions on the establishment
and performance of seedlings of pedunculate oak, beech and red oak. In 50 plots of a tree-diversity
oriented research platform in mature forests in northern Belgium (TREEWEB), we installed a field
experiment with three treatments (potting soil, mineral soil, mineral soil + forest floor), in which
we sowed seeds of each species. We monitored early establishment and survival, height, root and
shoot biomass of the seedlings after two growing seasons. Mineral soil negatively affected seedling
establishment and performance relative to the potting soil. The negative soil effects did not vary
with measured abiotic soil properties. In general, the forest floor did not deteriorate or mitigate
the soil effects, and only for root biomass did the forest floor partly compensate the negative soil
effects. Forest floor effects did not vary with the measured forest floor properties. In the studied
forests, creating bare soil was not enough to promote regeneration; improving soil properties might
be important for the success of natural regeneration.
Keywords: seedling establishment; seedling performance; field experiment; TREEWEB; soil
properties; forest floor properties
1. Introduction
The increased interest in close-to-nature forestry to restore and enhance forest functions [1] and
the economic pressure to reduce forest regeneration costs favour the use of natural regeneration [2].
Successful integration of natural regeneration in forest management is complex and requires thorough
knowledge of ecological processes and their interactions with management. Problems with natural
regeneration have been documented for decades in many regions in the world [3–5], but often without
a clear explanation for the lack of regeneration success. Therefore, a better understanding of the
bottlenecks in the regeneration process and factors influencing these bottlenecks is needed.
Although the lack of seeds or low seed quality can limit regeneration, post-dispersal factors such
as the availability and quality of microsites, determined by, for instance, microclimatic conditions
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and soil properties, are important ecological filters controlling seedling establishment, survival and
growth [6]. The forest canopy affects the biotic and abiotic conditions of the seedling environment, both
aboveground and belowground. Aboveground, trees cast shade, moderate environmental extremes
and thus alter the microenvironments experienced by seedlings [7–9]. Alterations in light conditions
by trees are known to strongly affect seedling regeneration dynamics [8,10,11]. Belowground, trees
affect seedlings directly by competing for nutrients and water [12–14], and indirectly by influencing
the abundance of soil pathogens [15,16] and by modifying the biogeochemistry of the soil [17–19].
For most temperate tree species, seeds are released by the mother trees and land on the
soil surface. Seedbed characteristics are thus important for the success of natural regeneration.
Mineral soil is generally considered as a good seedbed because of its high water infiltration capacity,
favourable aeration and good hydraulic contact between soil particles and seeds [20]. The forest
floor, i.e., the organic layer on top of the mineral soil, is usually less suitable because it constitutes
a physical barrier for seedlings by impeding penetration of radicles and thus preventing contact
with the mineral soil [21]. However, the suitability of environmental conditions may change during
the regeneration process and species’ ecological preferences may differ from one life stage to the
next [22]. Characteristics of the environment that are favourable to seeds may be unfavourable to
seedlings. For example, environmental conditions that promote seed survival, germination and
seedling establishment may also promote seedling herbivory, thereby negatively affecting seedling
growth and survival [22].
Forest management can have an effect on both the mineral soil and the forest floor. By choosing
tree species with different chemical litter characteristics, for instance, management choices lead to
differences in decomposition rates, nutrient cycling and soil nutrient availability [17,23]. As tree species
differ in their ability to establish and grow in the understorey plant community [24,25], tree species
effects on understorey conditions can influence seedling dynamics and ultimately drive future stand
composition. Furthermore, land-use history is another important determinant of the present-day forest
conditions. For example, soils of forests on former agricultural fields generally have a higher pH,
higher nutrient concentrations and a lower organic matter content compared to soils of ancient forests,
i.e., forests that have been continuously forested since at least the oldest available historical data [26].
In sum, studies on the factors that drive tree regeneration success need to account for these potential
effects of tree species composition and land-use history.
In order to improve our understanding of how tree regeneration is affected by variation in tree
species composition, we performed a field experiment within an existing research platform consisting
of 53 forest plots varying in tree species diversity (one up to three tree species) and composition.
The experiment focused on the effects of mineral soil and forest floor conditions on tree regeneration
because these have been studied less than aboveground conditions such as light availability and
might be equally important. All plots lie in ancient forests and on similar soils to avoid confounding
effects of land-use history and soil type and to enable allocating differences in soil and forest floor
conditions to differences in tree species composition. The research platform was designed around the
plot-level presence and abundance of trees of three target species (pedunculate oak, beech and red
oak); the experiment also looked at the regeneration of these target tree species. Our hypotheses were:
(1) Naturally occurring soil and forest floor conditions have a negative effect on seedling establishment
and performance, compared with optimal (potting soil) growing conditions, but the strength of the
effects vary between tree species compositions; (2) The forest floor will have a more negative effect on
seedling establishment compared to seedling performance; (3) The combined effects of the mineral soil
and forest floor on seedling establishment and survival are more negative than the individual effects
of the mineral soil and forest floor.
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2. Materials and Methods
2.1. Study Area and Research Platform
The TREEWEB platform (http://www.treedivbelgium.ugent.be/pl_treeweb.html) is a network
of 53 plots in mature forests in a 450 km2 window in northern Belgium [27]. The temperate climate
is characterized by a mean annual temperature of 9.5 ◦C and an annual precipitation of 726 mm
distributed evenly over the year (1980–2010, Royal Meteorological Institute of Belgium). All the
plots have a similar land-use history (continuously forested since at least 1850) and are located on
a similar relatively dry, sandy loam soil. The plots are monocultures, two-species mixtures and
three-species mixtures of three widely occurring and economically important tree species: pedunculate
oak (Quercus robur L.), beech (Fagus sylvatica L.) and red oak (Quercus rubra L.). Pedunculate oak
and beech are important for wood production in Western Europe and also harbour a high associated
biodiversity (e.g., [28]). Red oak was introduced into Belgium in 1782 and was mainly planted in parks
and along roads because of its esthetic qualities. From 1880 onwards, red oak has been increasingly
used as a forest species because of its fast growth, large ecological amplitude and suitable wood
properties [29]. Nowadays, red oak is often found in forests, i.e., it is the second most frequently
occurring non-native tree species in northern Belgium, with the sixth most important standing stock
volume [30]. As red oak is locally invasive, its impact on the forest ecosystem is thus of concern to both
forest managers and policy makers. All possible combinations of the three target species were included
in the platform: the three tree species were present as monocultures, in two-species mixtures as well as
in the three-species mixture. A complete dilution design was thus avoided because increasing species
diversity was not confounded with a decreasing abundance of one particular species, which makes it
possible to distinguish between tree species identity and diversity effects (cf. [31]). The diversity in the
plots was maximized by selecting forest stands with high evenness in the abundance of the tree species
and avoiding mixtures with a strong monoculture signature caused by the more dominant species [27].
An admixture of non-target tree species was accepted as long as the summed basal area of the admixed
species was less than 5% of the total basal area. The plots measured 30 m × 30 m (Figure 1) and were
surrounded by a buffer zone of 10 m wide with a similar forest composition and structure to avoid
edge effects. For more detailed information on the plot selection criteria and the selected plots, see [27].
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Figure 1. Detailed map of a typical plot in the TREEWEB platform (left, three species plot) and the
experimental setup within such a plot (right). The grey square r presents th 30 m × 30 m plot; coloured
dots represent trees (different colours for different tree species, different sizes showing diameter at
breast height). The small black square indicates the location of the experiment within the plot, replicated
across 50 plots. S eds of Quercus obur L. Qrob), Fagus sylvatica L. (Fsyl) and Quercus rubra L. (Qrub)
were sown in pots filled with potting soil (POTTING SOIL), directly in the mineral soil after removing
the forest floor (MINERAL SOIL), and on top of the present forest floor (MINERAL SOIL + FOREST
FLOOR). The pots with potting soil were dug into the soil until the soil surface level was similar in and
outside the pots. In the MINERAL SOIL and MINERAL SOIL + FOREST FLOOR treatments, the seeds
were not sown in pots, but the surface area of the sowing space was similar to the surface area of the
pots (dotted lines).
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2.2. Regeneration Experiment
The TREEWEB plots allowed setting up a field experiment in a carefully designed study platform
for which many relevant environmental characteristics (e.g., soil and forest floor characteristics) were
readily available. Soil and forest floor characteristics differed between the different tree species
compositions [32]. The experiment was designed to study the effects of the mineral soil and the forest
floor on the regeneration of pedunculate oak, beech and red oak, i.e., the target species of TREEWEB.
The experiment involved three treatments: (1) POTTING SOIL representing optimal rooting conditions
and nutrient supply, (2) MINERAL SOIL and (3) MINERAL SOIL + FOREST FLOOR to look at the
effects of both the naturally occurring soil and forest floor. We installed the experiment in each of the
TREEWEB plots in autumn 2015. We chose a location not too close to the plot edge where the canopy
best resembled the intended species composition of the plot (Figure 1).
For the POTTING SOIL treatment, we filled plastic pots (diameter 30 cm, height 20 cm)
with standard potting soil (potting soil type “LP114D” (Peltracom, Ghent, Belgium), pH 6,
nitrogen:phosphorus:potassium 14:16:18, organic matter 87%) and dug them into the soil until the
soil surface level was similar in and outside the pots. For the MINERAL SOIL treatment, we carefully
removed the entire forest floor (litter, fragmentation and humification layer) until the mineral soil
was visible. For the MINERAL SOIL + FOREST FLOOR treatment, we left the forest floor intact. Per
plot, we sowed in each treatment 25 seeds of pedunculate oak, 40 seeds of beech and 25 seeds of red
oak in February–March 2016. We bought the seeds at a tree nursery and the seeds originated from
Belgium (beech) and The Netherlands (both oak species). We only sowed seeds that seemed healthy
based on a visual quality control. The beech seeds had been cold-stratified until dormancy break
before sowing. For each species and treatment, the seeds were sown on a circular area with diameter
30 cm (cf. the pots of the potting soil) (Figure 1). We slightly pressed the seeds into the surface after
sowing and covered them with a thin layer of locally present leaf litter to prevent drying out and
to mimic the litterfall covering seeds after they are dropped in autumn. We removed understorey
vegetation, if present, to prevent competition with the tree seedlings. We put a wire mesh (mesh size
0.5 cm × 0.5 cm) around each treatment to prevent seed predation by mice and other seed predators
(see Figure A1). Due to problems with vandalism and waterlogging, the experiment could only be
installed in 50 out of the 53 plots (see Table A1). Hence, in total, we sowed 13,500 seeds, i.e., 3750 seeds
of pedunculate oak (25 seeds × 3 treatments × 50 plots), 6000 seeds of beech and 3750 seeds of red
oak. To check the quality of the seeds, we also sowed 75 seeds of each species in ideal germination
circumstances, i.e., the seeds were sown in pots filled with potting soil that were placed inside and
watered twice a week. We observed germination of 80% for pedunculate oak, 63% for beech and 58%
for red oak.
2.3. Measurements
To measure early establishment, we counted the number of seedlings at the beginning and end of
the first growing season, i.e., in July and September 2016. In September 2016, we thinned the seedlings
until a maximum of five seedlings per species and per treatment remained to prevent excessive
competition between the seedlings during the second growing season. The remaining five seedlings
were representative of the seedlings before thinning, i.e., we kept the smallest, the largest and some
in-between seedlings. To measure seedling survival over winter and to quantify the performance of the
surviving seedlings, we counted the seedlings again in September 2017, i.e., at the end of the second
growing season, measured their height to the nearest 0.5 cm and harvested them to determine their
biomass. We carefully excavated each individual seedling, washed it to remove soil particles and dried
it for 24 h at 105 ◦C. We separated the above- and belowground plant parts and weighed them to the
nearest 0.01 g to determine shoot biomass (aboveground woody parts and leaves) and root biomass
(belowground parts).
The forest floor was sampled using a 25 cm × 25 cm wooden frame, oven-dried at 65 ◦C and
weighed to the nearest 0.01 g. The forest floor biomass was calculated as the sum of the litter
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layer, consisting of recently fallen rather intact leaves, and the fragmentation and humification layer,
containing the fragmented and (partly) decomposed leaves (cf. [33]). The mineral soil sampling was
confined to the upper 10 cm of soil as tree species effects on soil properties were expected to be most
clear there. Additionally, we sampled the upper 5 cm of soil with a Kopecky ring (diameter 5 cm)
for determination of soil bulk density. All soil samples were dried for at least 48 h at 40 ◦C; samples
for chemical analysis were sieved through a 1 mm mesh and samples for determination of bulk
density were weighed to the nearest 0.01 g. For the forest floor and soil samples, total nitrogen and
carbon concentrations were measured by dry combustion using an elemental analyser (Vario Macro
Cube, Elementar, Langenselbold, Germany). For the soil samples, exchangeable potassium, calcium,
magnesium and aluminium concentrations were measured by atomic absorption spectrophotometry
(AAS) (AA240FS Fast Sequential AAS, Agilent Technologies, Santa Clara, CA, USA) after extraction
in BaCl2. We calculated the base cation concentrations in the soil by summing the equivalents of
potassium, calcium and magnesium; the soil effective cation exchange capacity (CECe) as the sum
of potassium, calcium, magnesium and aluminium; and the soil base saturation (BS) as base cation
concentration divided by CECe. The collection of the plot-level soil and forest floor data has been
described in detail in [32].
2.4. Data Analysis
We focused on seedling establishment (early establishment after germination and survival after
the second growing season) and performance (height, root and shoot biomass, and root:shoot ratio after
the second growing season). We calculated early establishment for beech as the number of seedlings
present in July 2016 divided by the number of seeds sown and for pedunculate and red oak as the
number of seedlings present in September 2016 divided by the number of seeds sown. Pedunculate
oak showed a later and more prolonged germination than beech, with higher numbers of seedlings
in September as compared to July, while beech clearly had more seedlings in July than in September.
For each plot, we calculated seedling survival per species and per treatment as the number of living
seedlings in September 2017 divided by the number of seedlings after thinning in September 2016.
For seedling height, root and shoot biomass, we calculated a plot-level average per species and per
treatment. Root:shoot ratio was calculated by dividing the root biomass by the shoot biomass.
To quantify the effects of MINERAL SOIL and FOREST FLOOR on seedling establishment and
performance, relative to the POTTING SOIL treatment, we calculated effect sizes, i.e., the natural
logarithm of the proportional difference between the MINERAL SOIL (or MINERAL SOIL + FOREST
FLOOR) treatment and the POTTING SOIL treatment. By calculating the effects of MINERAL SOIL
and FOREST FLOOR relative to the POTTING SOIL in each plot, we filtered out effects of differences in
aboveground environmental conditions among the plots (e.g., light availability, microclimate) caused
by the differences in tree species composition. Therefore, the variation between plots originates from
mineral soil and forest floor effects per se. In addition, working with effect sizes allowed comparing
the three species, independently of the inherent differences in seed quality. Per plot, we calculated for
each species and each response variable (early establishment, survival, height, root biomass, shoot
biomass and root:shoot ratio) three effect sizes (ES). We first calculated the effect size that estimates the
combined effect of mineral soil and forest floor (ESS+F) and the effect size that estimates the effect of
mineral soil only (ESS):
ESS+F = ln(XS+F/XP) (1)
ESS = ln(XS/XP) (2)
with X as the response variable, measured in the POTTING SOIL treatment (P), the MINERAL SOIL
treatment (S) and the MINERAL SOIL + FOREST FLOOR treatment (S + F).
We then calculated the effect size that estimates the effect of forest floor only (ESF) as the difference
between ESS+F and ESS:
ESF = ESS+F − ESS (3)
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First, we looked at the overall effects of mineral soil and forest floor on seedling establishment and
performance across the TREEWEB plots, by calculating the average (±95% confidence interval) effect
size per species and response variable across the 50 plots. Next, we investigated whether variation in
the effect size across plots could be further explained by the measured (abiotic) properties of the soil
and forest floor, which differed between tree species compositions. We used linear models to describe
the relationship between the effect sizes and the different explanatory variables. For the effect size of
the mineral soil (ESS), the explanatory variables we looked at were the soil C/N (carbon/nitrogen)
ratio, soil base saturation and soil bulk density. For the effect size of the forest floor (ESF), we used the
C/N ratio and biomass of the forest floor as explanatory variables. The explanatory variables were
normalized before the analysis.
3. Results
Of the 13,500 seeds sown in February 2016, 4931 (i.e., 37%) had germinated by July 2016 (Table 1).
At the end of the first growing season, i.e., in September 2016, we counted 4808 living seedlings
(i.e., 36%). After thinning at the end of the first growing season, 1874 seedlings remained. At the end
of the second growing season, 1162 (i.e., 62%) of the seedlings that remained after thinning were still
alive (Table 1).
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Table 1. Total number of seeds and seedlings of Quercus robur L. (Qrob), Fagus sylvatica L. (Fsyl) and Quercus rubra L. (Qrub) per treatment (POTTING SOIL, MINERAL
SOIL, MINERAL SOIL + FOREST FLOOR) and in total, across the 50 plots.
POTTING SOIL MINERAL SOIL MINERAL SOIL + FOREST FLOOR Total
Qrob Fsyl Qrub Qrob Fsyl Qrub Qrob Fsyl Qrub Qrob Fsyl Qrub
seeds sown
1250 2000 1250 1250 2000 1250 1250 2000 1250 3750 6000 3750–February 2016
seedlings
792 663 715 626 299 533 517 303 483 1935 1265 1731–July 2016
–September 2016 902 465 751 736 149 515 644 163 483 2282 777 1749
–September 2016,
250 210 250 250 97 240 242 110 225 742 417 715after thinning
–September 2017 159 167 217 96 58 145 97 72 151 352 297 513
Forests 2018, 9, 66 8 of 21
Early establishment ranged on average between 15% (beech, MINERAL SOIL treatment) and
72% (pedunculate oak, POTTING SOIL treatment) and was higher for both oak species than for beech
in all treatments (Table 2). Survival ranged on average between 38% (pedunculate oak, MINERAL
SOIL treatment) and 87% (red oak, POTTING SOIL treatment) and was highest for red oak, followed
by beech and lowest for pedunculate oak in all treatments. Height was on average between 13.9 cm
(beech, MINERAL SOIL treatment) and 20.2 cm (red oak, POTTING SOIL treatment), with pedunculate
oak and red oak showing similar, but greater heights than beech in all treatments. Root biomass was
on average between 0.20 g (beech, MINERAL SOIL treatment) and 0.60 g (red oak, POTTING SOIL
treatment), with red oak having the highest root biomass, and pedunculate oak and beech having
a similar but lower root biomass in all treatments (Table 2). Shoot biomass ranged on average between
0.19 g (beech, MINERAL SOIL treatment) and 0.68 g (red oak, POTTING SOIL treatment) and was
highest for red oak, followed by pedunculate oak and lowest for beech in all treatments (Table B1 in
Appendix B). The root:shoot ratio ranged on average between 0.76 (red oak, MINERAL SOIL treatment)
and 1.43 (beech, MINERAL SOIL + FOREST FLOOR treatment) (Table B1 in Appendix B).
Table 2. Mean values for early establishment (after one growing season), survival, height and root
biomass (after two growing seasons) of the seedlings of Quercus robur L. (Qrob), Fagus sylvatica L.
(Fsyl) and Quercus rubra L. (Qrub) in each treatment (POTTING SOIL, MINERAL SOIL, MINERAL
SOIL + FOREST FLOOR), with standard deviation in parentheses. The range of values for each variable
is presented below the mean and standard deviation Letters indicate differences between species
(Analysis of variance (ANOVA), Tukey post-hoc test, p < 0.05).
Seedling Characteristic Qrob Fsyl Qrub
Early establishment (%)
POTTING SOIL 72.16 (15.81) a 33.15 (13.67) c 60.08 (15.17) b
(20–96) (0–57.5) (32–88)
MINERAL SOIL 58.88 (16.86) a 14.95 (12) c 41.2 (17.36) b
(24–96) (0–42.5) (8–84)
MINERAL SOIL + FOREST FLOOR 51.52 (20.39) a 15.15 (12.19) c 38.64 (20.58) b
(4–92) (0–52.5) (0–100)
Survival (%)
POTTING SOIL 63.6 (25.46) b 76.34 (29.83) a 86.8 (17.43) a
(20–100) (0–100) (40–100)
MINERAL SOIL 38.4 (26.45) b 52.97 (44.14) ab 60.3 (31.23) a
(0–100) (0–100) (0–100)
MINERAL SOIL + FOREST FLOOR 40.6 (28.74) b 56.78 (40.45) ab 67.21 (36.5) a
(0–100) (0–100) (0–100)
Height (cm)
POTTING SOIL 19.23 (4.59) a 15.83 (4.17) b 20.19 (2.82) a
(10–31) (7.5–29.1) (13–26.17)
MINERAL SOIL 17.22 (4.46) a 13.88 (4.03) b 18.63 (4.61) a
(7.5–25) (8–23.1) (8–30.7)
MINERAL SOIL + FOREST FLOOR 16.24 (5.17) a 14.92 (2.84) a 17.19 (4.46) a
(6–28) (11–24.7) (9–29.8)
Root biomass (g)
POTTING SOIL 0.35 (0.12) b 0.29 (0.21) b 0.6 (0.33) a
(0.19–0.91) (0.04–1.01) (0.21–1.62)
MINERAL SOIL 0.24 (0.09) b 0.2 (0.15) b 0.39 (0.29) a
(0.08–0.44) (0.02–0.56) (0.06–1.86)
MINERAL SOIL + FOREST FLOOR 0.29 (0.09) b 0.26 (0.16) b 0.46 (0.26) a
(0.17–0.51) (0.07–0.68) (0.19–1.18)
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3.1. Effects of Mineral Soil and Forest Floor
The treatment MINERAL SOIL + FOREST FLOOR generally had a negative effect on seedling
establishment and performance, relative to the POTTING SOIL treatment (Figure 2). The early
establishment was 35% (i.e., exp (ESS+F) = exp (−0.43) = 0.65) lower than in the potting soil for
pedunculate oak, 62% for beech and 43% for red oak. Survival was 31% lower than in the potting
soil for pedunculate oak and 22% for red oak (non-significant decrease for beech). Height was 17%
lower than in the potting soil for both oak species and 16% for beech. Root biomass was 21% lower
than in the potting soil for pedunculate oak and 29% for red oak (non-significant decrease for beech).
Shoot biomass was 15% lower than in the potting soil for pedunculate oak, 35% for beech and 30%
for red oak (Figure B1 in Appendix B). The root:shoot ratio of the three species was not significantly
affected by the MINERAL SOIL + FOREST FLOOR treatment relative to the POTTING SOIL treatment
(Figure B1 in Appendix B).
The negative MINERAL SOIL + FOREST FLOOR effect was mainly due to a significant and
negative MINERAL SOIL effect. This was found for the early establishment, survival, height and the
root and shoot biomass of the seedlings of all three species (Figures 2 and B1 in Appendix B), for which
the effect sizes were in general in the same order of magnitude as those of MINERAL SOIL + FOREST
FLOOR. The root:shoot ratio was negatively affected by MINERAL SOIL and was 30% lower than in
the potting soil for pedunculate oak and 16% lower for red oak (non-significant decrease for beech).
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Figure 2. The effects of MINERAL SOIL + FOREST FLOOR and MINERAL SOIL only (relative to the
POTTING SOIL treatment) and FOREST FLOOR only (calculated as the difference between MINERAL
SOIL + FOREST FLOOR and MINERAL SOIL) on seedling establishment ((a) early establishment;
(b) survival) and performance ((c) height, (d) root biomass). For each of the three tree species, the mean
effect size (see Section 2.4) for the 50 plots is shown, with the 95% confidence interval. The dotted line
indicates no effect, i.e., an effect size of zero.
The effects of the FOREST FLOOR were in most cases not significantly different from zero
(Figure 2). Only the early establishment of pedunculate oak showed a small negative effect, while the
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root biomass of beech and red oak showed a small positive effect (Figure 2). The shoot biomass of
beech showed a small positive effect, and the root:shoot ratio of both oak species increased by 24% and
19% when the forest floor was present (Figure B1 in Appendix B).
3.2. Effects of Specific Soil and Forest Floor Properties
In general, the variation in the effects of MINERAL SOIL as well as the effects of FOREST FLOOR
on seedling establishment and performance were only weakly related to the investigated soil and
forest floor properties. No consistent patterns emerged for a specific species or measure of seedling
establishment or performance. For pedunculate oak, the negative effects of MINERAL SOIL on seedling
survival were less strong when the soil C/N ratio and soil base saturation increased (Figure 3a,b),
while the root:shoot ratio decreased more strongly with increasing soil base saturation (Figure B2b
in Appendix B). For beech, none of the measured soil properties showed a significant relationship
with the negative effects of MINERAL SOIL. For red oak, the early establishment, height and shoot
biomass were more strongly negatively affected with increasing soil C/N ratio (Figure 3a, Figure B2a
in Appendix B), and the negative effect on root biomass became stronger with increasing soil bulk
density (Figure 3c).
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Figure 3. The relationship between the effect of MINERAL SOIL on seedling establishment and
performance on the one hand, and the C/N ratio (a), base saturation (b) and bulk density (c) of the soil
on the other hand. For each of the three species, the estimated slopes for the relationship between the
plot-level effect sizes of the MINERAL SOIL and the different soil properties are shown with their 95%
confidence interval. Th dotted line indicates a slope of zero, i.e., no relationship between effect sizes
and soil properties.
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The FOREST FLOOR effect became less negative with increasing litter C/N ratio for the survival
of pedunculate oak (Figure 4a), but more negative with increasing litter C/N ratio for the establishment
of beech (Figure 4a). For red oak, the positive effect on root biomass became stronger with increasing
litter C/N ratio (Figure 4a), the effect on shoot biomass became less negative with increasing litter
C/N ratio (Figure B3a in Appendix B), and the positive effect on the root:shoot ratio became stronger
with increasing litter biomass (Figure B3b in Appendix B).
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4. Discussion
The degree to which soil conditions limit regeneration varied between the three studies species
and during the regeneration process: for pedunculate oak, soil effects caused the second growing
season to be the main bottleneck, while the opposite was true for beech, i.e., the first growing season
most limited regeneration. The strength of the soil effect could not be further explained by soil
properties such as the C/N ratio, base saturation and bulk density. Furthermore, the forest floor
did not deteriorate or mitigate the negative soil effects. Below we elaborate on the species-specific
differences in early establishment and survival and try to explain the observed effects of the mineral
soil and forest floor.
4.1. Species-Specific Differences in Early Establishment and Survival
The differences in early establishment between the species might be partially explained by
differences in the quality of the seeds we used (germination under controlled conditions was 80% for
pedunculate oak, 63% for beech and 58% for red oak). The early establishment in the field (Table 2)
was lower than these germination rates but showed the same trend for both oak species, i.e., higher
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establishment success for pedunculate oak (61%) compared to red oak (47%). For beech, the early
establishment success in the field (21%) was disproportionally low compared to the germination rates,
which suggests that seed quality was not the only limiting factor. The lower establishment success of
beech compared to both oak species might be related to the lower amount of nutrient reserves in the
seeds of beech. Nutrient reserves in seeds are important for initial root growth, and large seeds usually
store large amounts of nutrients and sustain young seedlings better during environmental stresses than
do small seeds [34,35]. For the beech seedlings, we indeed saw 38% mortality of the initially established
seedlings between June and September of the first growing season (Table 1), which might be caused by
a fast depletion of nutrient reserves, an insufficient initial root growth and insufficient development of
aboveground biomass to sustain the individuals via photosynthesis. Light availability probably played
a minor role in explaining the differences in early establishment between the species since first-year
seedlings of oak and beech are equally capable of surviving under low light conditions [36,37].
The survival during the second growing season decreased in the order red
oak—beech—pedunculate oak (Table 2). The differences in survival between the species are
unlikely to be related to the differences in seed mass since nutrient reserves from large seeds such as
acorns are mainly used during the year of seedling emergence and are exhausted by the end of the
first growing season [38]. Differences in shade and drought tolerance might have played a role in
the seedling survival of the three species. Pedunculate oak is the least shade-tolerant of the study
species [39,40], which might explain its low survival. Although beech is the most shade-tolerant of
the study species [39,40], with red oak classified as intermediate [41], beech is also the species that
is most sensitive to drought [40], which may have had a negative impact on its seedling survival
and may explain the lower survival of beech compared to red oak. Between May and September
2017, i.e., the second growing season, the total amount of precipitation was 302 mm and the average
temperature was 17.1 ◦C, which is drier and warmer, respectively, than the long-term average during
that period (360 mm, 16.2 ◦C). Lower survival rates of less shade-tolerant pedunculate oak seedlings
compared to more shade-tolerant beech seedlings have previously been reported [42].
4.2. Negative Effect of Mineral Soil
The mineral soil had a clear negative effect on the establishment and performance of the seedlings
of the three species, relative to the potting soil. The effect of mineral soil on early establishment
was clearly more negative for beech than for both oak species, which might again be related to the
differences in nutrient reserves in the seeds. Beech seedlings already need soil resources during the
first growing season (i.e., strongest soil effect on early establishment), while oak seedlings only become
independent of the nutrient reserves during the second growing season due to higher initial seed
reserves (i.e., strongest soil effect on survival). Also, for seedling height and root biomass, the negative
effect of mineral soil was stronger for beech than for both oak species. In all species, the root biomass
was more strongly negatively affected than seedling height.
The negative effect of mineral soil on the establishment and performance of the seedlings of our
study species is likely due to a combination of abiotic and biotic properties of the mineral soil. Major
differences between the mineral soil treatment and the potting soil treatment were probably (1) the
availability of nutrients and water, (2) the penetrability of the growth medium for root development,
and (3) the abundance of soil pathogens. Nutrient and water availability are likely to be lower in
the mineral soil compared to the potting soil since potting soil is developed for efficient delivery of
nutrients and water to plants. Moreover, the more dense structure of the mineral soil is likely to
be less easily penetrable by roots than the potting soil. In addition, root competition with trees and
understorey species in the mineral soil probably reduced the seedlings’ access to the available nutrients
and water, while the physical presence of a pot in the potting soil treatment probably secured seedlings’
access to these resources. Previous studies indeed highlighted the importance of sufficient nutrient
and water availability for successful seedling establishment and growth [43,44]. The mineral soil
likely contained more pathogens than the potting soil, which could be disadvantageous for seedling
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establishment and performance. Increased seedling mortality with increasing abundance of soil
pathogens has indeed been found [15]. In sum, the lower nutrient availability, the lower nutrient and
water accessibility, the denser structure and the higher abundance of soil pathogens in the mineral
soil compared to the potting soil may be the major factors responsible for the negative effect of the
mineral soil.
While we did not measure water availability or pathogen abundance, we did look at the potential
impact of chemical and physical soil properties [32] that are relevant for seedling establishment and
performance: (1) the soil C/N ratio, which is often used as a measure of soil quality and indicates
the ability of a soil to provide nitrogen [45], (2) soil base saturation, which reflects the availability of
exchangeable cations to plants [46], and (3) soil bulk density, which represents the physical resistance
experienced by newly emerging roots [47]. However, we did not find changes in the negative impact
of mineral soil on seedling establishment and performance along gradients in these soil properties in
our study. It is likely that the measured soil properties did not differ sufficiently among the plots to
cause strong differences in seedling responses. Soil nutrient availability has been shown to be affected
by tree species composition, through species and diversity effects on litter decomposition rates and
thus nutrient release [17–19]. However, our three study species, the main tree species of the TREEWEB
platform, have a similar and relatively low leaf litter quality [32,48], and tree species composition
effects on soil properties were limited within the platform [32]. Even though base saturation and soil
bulk density showed significant differences between the different tree species, the range of these soil
conditions might be too small to show clear effects on the seedlings of these tree species. Only for
a few combinations of tree species and seedling characteristics did we find a relationship between the
investigated soil properties and the observed negative effects of the mineral soil. The higher the base
saturation, the smaller the negative effect of the mineral soil on the survival of pedunculate oak, and
the lower the soil bulk density, the smaller the negative effect on the root biomass of red oak. Reduction
of seedling growth with increasing soil bulk density was also found by [49] for Pinus radiata D. Don
seedlings, whereas [50] found a tendency for deeper roots of pedunculate oak seedlings in a treatment
with a lower soil bulk density.
4.3. No Effects of Forest Floor
Despite the wide-reaching effects of forest floors on the environment in which seedlings establish
and grow [51], in our study, only the early establishment of pedunculate oak seedlings was negatively
affected by the presence of the forest floor. However, forest floor properties such as C/N ratio or
forest floor biomass could not be linked with this negative effect. Even though the mean forest floor
effect on the early establishment of beech was close to zero (Figure 2a), its negative relationship with
the litter C/N ratio indicates that the effect of forest floor on establishment ranges from positive at
a low C/N ratio to negative at a high C/N ratio and thus under lower nitrogen availability (Figure 4a).
This could indicate that beech seedlings may benefit from the presence of a forest floor as long as
the nitrogen availability is high enough. The input of nutrients from decomposing litter has indeed
been shown to increase seedling survival and growth [52]. Other studies showed that the presence of
a forest floor may enhance seedling establishment of some species by maintaining a sufficiently humid
microenvironment and preventing desiccation [53], whereas seedlings of many species are negatively
affected by the forest floor since the forest floor can act as a physical barrier [54] and can possibly
release toxic metabolites [55]. The microclimate maintained by the forest floor may be favorable to
herbivores and pathogens, increasing the risk of fungal infection [56] and thus indirectly affecting
seedling survival and performance.
The presence of the forest floor had a positive effect on the root biomass of the three species,
although this effect was not significant for pedunculate oak. For red oak, this positive effect further
increased with increasing forest floor C/N ratio and thus decreasing nitrogen availability. This is in
contrast with the study of [57], who found that red oak regeneration was optimal in locations with
higher nitrogen concentrations. Root exploitation of the forest floor has been frequently observed
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and can be seen as a strategy to acquire nutrients more efficiently than from the mineral soil [58].
Physico-chemical properties of the forest floor influence the suitability for root development. Litter in
an advanced decomposition stage has a rather dense structure [59], is characterised by a high water
retention [60] and is advanced to the stage of net nutrient mineralisation [61]. The release of nutrients
from decomposing litter and the good structure and water retention capacity of the forest floor may
explain the positive effects of the forest floor on the root biomass of the seedlings in this study.
5. Conclusions
The design of the experiment in this study allowed us to focus on the effects of mineral soil and
forest floor on seedling establishment and performance without confounding effects of aboveground
environmental conditions, competing vegetation and seed predation. Seed quality was an important
determinant for the success of natural regeneration. Creating bare soil was not enough to promote
seedling establishment and performance, and the effects of the forest floor were limited in our forests.
Differences in soil and forest floor properties between the different tree species compositions were
too limited to result in strong differences in seedling establishment and performance. We found
some evidence that improving soil properties is likely to be advantageous for the success of natural
regeneration, e.g., the survival of pedunculate oak seedlings increased with increasing soil base
saturation and the height of red oak seedlings increased with decreasing C/N ratio and thus increasing
nitrogen availability. However, the relative small gradient in soil properties in the studied forests did
not allow us to draw strong conclusions. However, a larger gradient in mineral soil and forest floor
conditions than the one in our study should be used to further investigate the driving factors behind
the mineral soil and forest floor effects on seedling establishment and performance.
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both the naturally occurring soil and forest floor. For t e POT ING SOIL treatment, we filled plastic
pots with standard potting and dug them into the soil until the soil surface level was similar in and
outside the pots. For the MINERAL SOIL treatment, we carefully removed the entire forest floor
(litter, fragmentation and humification layer) until the mineral soil was visible. For the MINERAL
SOIL + FOREST FLOOR treatment, we left the forest floor intact. We sowed in each treatment 25 seeds
of pedunculate oak, 40 seeds of beech and 25 seeds of red oak. The seeds were sown on a circular
area with diameter 30 cm (cf. the pots of the potting soil) (Figure 1). We put a wire mesh (mesh size
0.5 c × 0.5 cm) around each treatment to prevent seed predation by mice and other predators.
Table A1. The number of plots in which the regeneration experiment was installed per tree species
composition with Quercus robur L. (Qrob), Fagus sylvatica L. (Fsyl) and Quercus rubra L. (Qrub).
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Appendix B. Shoot Biomass and Root:Shoot Ratio Results
Table B1. Mean values for shoot biomass and root:shoot ratio of the seedlings of Quercus robur (Qrob),
Fagus sylvatica (Fsyl) and Quercus rubra (Qrub) in each treatment (POTTING SOIL, MINERAL SOIL,
MINERAL SOIL + FOREST FLOOR), with standard deviation in parentheses. The range of values
for each variable is presented below the mean and standard deviation. Letters indicate differences
between species (ANOVA, Tukey post-hoc test, p < 0.05).
Seedling Characteristic Qrob Fsyl Qrub
Shoot biomass (g)
POTTING SOIL 0.35 (0.13) b 0.27 (0.17) b 0.68 (0.26) a
(0.14–0.77) (0.07–0.81) (0.26–1.37)
MINERAL SOIL 0.31 (0.13) b 0.19 (0.15) b 0.54 (0.29) a
(0.14–0.64) (0.02–0.51) (0.09–1.96)
MINERAL SOIL + FOREST FLOOR 0.31 (0.14) b 0.23 (0.17) b 0.53 (0.27) a
(0.11–0.75) (0.04–0.89) (0.19–1.16)
Root:shoot ratio
POTTING SOIL 1.12 (0.33) a 1.19 (0.51) a 0.89 (0.22) b
(0.64–2.3) (0.3–2.55) (0.4–1.54)
MINERAL SOIL 0.81 (0.26) b 1.25 (0.79) a 0.76 (0.3) b
(0.39–1.49) (0.25–3.86) (0.39–1.79)
MINERAL SOIL + FOREST FLOOR 1.06 (0.41) b 1.43 (0.81) a 0.91 (0.27) b
(0.41–2.29) (0.27–3.86) (0.53–1.66)
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Figure B3. The relationship between the effect of FOREST FLOOR on seedling shoot biomass and
root:shoot ratio on the one hand, and the C/N ratio (a) and biomass (b) of the forest floor on the other
hand. For each of the three species, the estimated slopes for the relationship between the effect sizes
of the FOREST FLOOR and the different forest floor properties are shown with their 95% confidence
interval. The dotted line indicates a slope of zero, i.e., no relationship between effect sizes and forest
floor properties.
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